The diterpenoid taxol is an important anticancer agent used widely in the clinic. The purpose of this work was to identify a taxolproducing endophytic fungus (strain TF5) isolated from Taxus mairei and study its anticancer activities. Strain TF5 was identified as a Tubercularia sp. according to the morphology of the fungal culture, the mechanism of spore production and the characteristics of the spores. Strain TF5 produced taxol, when grown in potato dextrose liquid medium and analyzed by thin layer chromatography, high performance liquid chromatography, ultraviolet and mass spectrometry. The fungal taxol, which was isolated from the organic extract of the TF5 culture, had strong cytotoxic activity towards KB and P388 cancer cells in vitro, tested by the MTT assay. Observed with immunofluorescence and electron microscopy, the fungal taxol enhanced microtubule stability and bundling in culture cells and induced tubulin polymerization in vitro similar to the authentic taxol. ß
Introduction
The diterpenoid taxol is nowadays widely recognized as an important anticancer agent. Its mode of action is unique in that it prevents the depolymerization of tubulin during the processes of cell division [1] . Taxol, though isolated more than 28 years ago [2] , has been the subject of extensive investigation aimed at overcoming the toxicity and low solubility of taxol, and ¢nding an alternative source of this compound other than the bark of the yew tree (Taxus sp.), a source that is not sustainable, mainly for ecological reasons [3] . Since 1993, observations of taxol-producing endophytic fungi, Taxomyces andreanae and Pestalotiopsis microspora, have been reported, demonstrating that organisms other than Taxus sp. could produce taxol [4, 5] . Thus, fermentation processes using taxol-producing microorganisms may be an alternative way to produce taxol. Recently, a taxol-producing endophytic fungus has been successfully isolated from the inner bark of the Chinese southern yew (Taxus mairei) in our laboratory [6] . The purpose of this work was to identify this taxol-producing endophytic fungus (strain TF5) and study its anticancer activities.
Materials and methods

Isolation of endophytic fungi from T. mairei and its identi¢cation
The fungus used in this study was one of 45 endophytic fungi isolated from the inner bark of T. mairei obtained in Fujian province, southeast China. The microorganisms were isolated as follows: the yew bark was cut into pieces (V0.5U0.5U0.5 cm). The bark pieces were treated with 70% (v/v) ethanol, washed with sterilized water and the outer bark removed with a sterilized sharp blade. Small pieces of inner bark were placed on the surface of potato dextrose agar (PDA) medium in Petri plates. After several days, fungi were observed growing from the inner bark fragments in the plates. Individual hyphal tips of the various fungi were removed from the agar plates and placed on new PDA medium, and incubated at 25³C for at least 2 weeks. Each fungal culture was checked for purity and transferred to another agar plate by the hyphal tip method [5] . Fungal identi¢cation methods were based on the morphology of the fungal culture, the mechanism of spore production and the characteristics of the spores [7, 8] .
2.2. Preparation of anticancer product from the culture of strain TF5
The endophytic fungus strain TF5 was grown in 2-l Erlenmeyer £asks containing 500 ml potato dextrose liquid medium. The fungus was incubated at 25³C without agitation for 21 days. Then the entire culture (1 l) was blended well and extracted with equal volumes of mixture of chloroform/methanol (10:1, v/v) and the organic phase was taken to dryness under reduced pressure at 50³C. The residue was dissolved in 1 ml methanol, and subject to thin layer chromatography (TLC) on a 0.25 mm (10U20 cm) silica gel plate developed in solvent system A (chloroform/ methanol 7:1, v/v) with authentic taxol (Sigma, Cat. No. T-7402) as control. After chromatography, the area of plate containing putative taxol was carefully removed by scraping o¡ the silica at the appropriate R F and exhaustively eluting it with methanol. Then the sample was puri¢ed with another TLC in solvent system B (chloroform/ acetonitrile, 7:3, v/v).
TLC, HPLC, UV and MS
All comparative TLC analyses were carried out on commercialized silica gel plates developed in solvent systems A and B. Compounds on silica gel plates were detected with seven di¡erent reagents for visualization (Table 1) .
A C 18 column (5U300 mm, Waters) was used for determining the behavior of the fungal compound by high performance liquid chromatography (HPLC). Samples in 10 Wl of methanol were injected and elution was done with methanol/H 2 O (7:3, v/v). A variable wavelength recorder set at 228 nm was used to detect compounds eluting from the column. After isolation from fungal cultures, the fungal compound was dissolved in 100% methanol and examined with a Beckman D-640 spectrophotometer.
Mass spectroscopy (MS) was done on taxol samples using the electrospray technique with a Finnigan LCQ-MS. The sample was dissolved in methanol and was injected with a spray £ow of 2 Wl min 31 and a spray voltage of 2.2 kV.
Cytotoxicity study
The cytotoxic e¡ect of the TF5 culture extract was tested by the MTT assay. The cell lines used were murine leukemia P388 cells and human epidermal carcinoma KB cells. The MTT assay protocol was adapted from that described by Mosmann [9] . The optical density (OD) of the wells was measured with a microplate reader (M-3550, Bio-Rad) at 595 nm with 655 nm as reference. The growth inhibition rate was calculated by the following equation :
Inhibition rate OD control well 3OD treated well OD control well U100%
ID 50 was de¢ned as the dilution of the TF5 culture extract that resulted in at least 50% growth inhibition.
Immuno£uorescence
Mouse anti-K-tubulin and FITC goat anti-mouse IgG were purchased from Sigma Co., Ltd. Cells were cultured in 96-well plates at a density of 30 000 cells well 31 , supplemented with drugs diluted with RPMI 1640, incubated for 4 h, and then processed for immuno£uorescence as described by Bellag et al. [10] . A Nikon (Diaphot 300) microscope equipped with epi£uorescent optics was used to observe the preparations.
Microtubule assembly in vitro
Porcine brain microtubule protein (MTP) was puri¢ed through two cycles of temperature-dependent assemblyd isassembly by the method of Bellag et al. [10] . MTP (0.3^0.6 mg ml 31 ) was added directly with taxol or other drugs and incubated under assembly conditions (MES bu¡er, 37³C) until microtubule assembly reached steady state (V30 min). The reaction mixture was observed under a transmission electron microscope.
Electron microscopy
For transmission electron microscopy (TEM), the samples were placed on carbon-over-parlodion-coated grids (200 or 300 mesh) and negatively stained with 2% uranyl acetate. Grids were air-dried and observed under a JEM-100CX electron microscope at 80 kV. For scanning electron microscopy, the materials were ¢xed in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate bu¡er (pH 7.0) for 2 h, and step dehydrated with 50, 70, 90, and 100% (v/v) ethanol, isoamyl acetate/ethanol (1:1, v/v) and 100% isoamyl acetate for 15 min each. Then the samples were critical point-dried, gold-coated with a sputter coater and observed and photographed with a Hitachi S520 scanning electron microscope.
Results and discussion
Identi¢cation of strain TF5
Strain TF5 grew rapidly in PDA medium under 25³C. The mycelium surface is white and radial surface when young and turns gray when it matures (Fig. 1A) . The mycelium consists of two kinds of hyphae, the thick one is 3.5^6.5 Wm in width, branched and separated without clamp connection; the thin one is hyaline and with width 1.0^1.3 Wm. Dozens to hundreds of dark brown and irregular stromata appear on the colony after about 20 days of culture, which ranges from 0.1 to 0.4 cm. The conidiomata grow from the stromata and consist of conidiophores, which are pale yellow and have 2^4 levels of branches (Fig. 1B,C) . The conidiospores are single, hyaline, dry, and oval to pyriform with truncated rounded basal, and some of them have a short sericate tail (Fig. 1D^F) . The morphology of strain TF5 is di¡erent from that of the taxol-producing endophytic fungi T. andreanae and P. microspora, which were isolated from Paci¢c yew and Himalayan yew respectively [4, 5] , and was identi¢ed as a Tubercularia sp. [7, 8] .
Fungal taxol from the TF5 culture
A fungal compound having chromatographic properties comparable to taxol in solvent systems A and B, and giving the same color reactions with seven di¡erent reagents for visualization (Table 1) , was consistently isolated from the TF5 culture. The fungal compound isolated from TF5 yielded a UV absorption spectrum that was similar to authentic taxol, with a maximum at 228 nm (Fig. 2) . We also observed that the fungal compound gave a single peak when eluting from the C 18 HPLC column, with about the same retention time as authentic taxol. When authentic taxol was co-chromatographed with the fungal compound, only a single peak appeared, having a retention time of 5.8 min. Further convincing spectroscopic evidence for the identity of taxol was obtained by electrospray mass spectroscopy. Characteristically, authentic taxol yielded a (M+H) peak at 854 nm, a (M+NH 4 ) peak at 870 nm, and a (M+Na) peak at 876 nm [5, 11] . By comparison, fungal taxol also yielded those peaks (Fig.  3) . These results show that the fungal compound is taxol.
The anticancer activities of the fungal taxol from the TF5 culture
The anticancer activities of the fungal taxol, which was isolated from the organic extract of the TF5 culture by twice TLC, were studied. The cytotoxicity of the fungal taxol was tested by the MTT assay, which showed that the fungal taxol has a strong cytotoxic e¡ect on KB and P388 cell lines, and the ID 50 values of cytotoxicity was about 1/2400 for KB cells and 1/38 400 for P388 cells.
Samples of tubulin protein incubated in the presence of ATP, authentic taxol or the fungal taxol were analyzed by electron microscopy. All three treated samples displayed ¢lamentous arrays while untreated protein samples showed no protein organization (Fig. 4) , which demonstrated that the fungal taxol isolated from TF5 could induce tubulin polymerization in vitro like authentic taxol.
The in£uence of fungal taxol on microtubule assembly of culture cells was analyzed by immuno£uorescence. KB cells, chosen here for their large £attened morphology, treated for 4 h with taxol and the fungal compound, all induced similar multipolar spindles eventually resulting in cytotoxicity. As illustrated in Fig. 5 , the fungal taxol induced identical changes in intracellular microtubule arrays as taxol, which selectively a¡ects mitotic spindle microtubule formation and function, leading to mitotic arrest and cytotoxicity. The combined chromatographic and bioactive data show that the fungal taxol and authentic taxol are identical. The optimum culture conditions for fungal taxol production are under further study.
